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1. Introduction

Prostate cancer remains the number one non-cutaneous cancer diagnosed and the second
leading cause of cancer deaths among American men. In 2010, 217,730 new patients were
diagnosed and 32,050 died [1]. Radiotherapy (RT) is a first-line treatment for low-risk prostate
cancer and, when combined with neoadjuvant hormonal therapy, is a standard treatment for high-
risk prostate cancer (PSA >20 ng/mL and/or clinical stage ¢T > 3 and/or biopsy Gleason score
>8) [2-4]. Importantly, RT is the most common treatment for patients who are 65-74 years old
when compared with surgery and active surveillance [5]. Although a majority of prostate cancer
patients are cured by RT, approximately 10% of patients with low-risk cancer and up to 30-60%
of patients with high-risk cancer experienced biochemical recurrence within five years after RT
and 20-30% of those relapsed died within 10 years [6-9]. Given that 96% of US patients
presented with localized cancer, including 25% of patients with high-risk cancer [1, 10], failure
to control these localized high-risk prostate cancers eventually leads to disease progression and
contributes to the majority of prostate cancer deaths. Because RT and surgery are the only
curative treatments for prostate cancer, enhancing the efficacy of prostate cancer cells to RT will
have an enormous impact on reducing prostate cancer mortality.

Neuroendocrine (NE) cells represent a minor portion (<1%) of the epithelial cells in
normal human prostate. Interestingly, NE-like cells, which also express NE markers such as
chromogranin A (CgA) and neuron specific enolase (NSE), are present in almost all cases of
prostatic adenocarcinoma and an increase in the number of NE-like cells is implicated in prostate
cancer progression and is an indicator of poor prognosis [11-15]. A number of agents can induce
prostate cancer cells to transdifferentiate intro NE-like cells, a process known as neuroendocrine
differentiation (NED), via multiple pathways [16-27]. Because NE-like cells produce peptide
hormones and growth factors that facilitate the growth of surrounding tumor cells in a paracrine
manner and because NE-like cells are highly resistant to apoptosis [27-29], many studies have
focused on establishing a clinical correlation between the extent of pre-existing NE-like cells and
the therapeutic responses to RT and hormonal therapy and disease progression [11, 12, 25, 30,
31]. Because NED is reversible [32], these cells may be a dormant population under conditions
of cellular stress and contribute to prostate cancer recurrence [15, 32]. The fact that hormonal
therapy induces NED [33-38] suggests that therapy-induced NED may represent a novel pathway
by which cancer cells survive treatment and contribute to tumor recurrence. This hypothesis is
further supported by our recent findings that fractionated ionizing radiation (FIR) treatment also
induces NED in vitro, in vivo and in prostate cancer patients [39, 40]. Based on the findings in
literature and the preliminary studies, it is hypothesized that targeting the CREB signaling can
inhibit RT-induced NED and enhance RT-induced cell killing. To test this hypothesis, three
specific aims are proposed. Aim 1 will determine that targeting CREB can inhibit radiation-
induced NED and increase radiation-induced cell killing in vitro. Aim 2 will determine that
targeting critical upstream regulators of CREB can inhibit radiation-induced NED and increase
radiation-induced cell killing in vitro. And Aim 3 will determine that targeting CREB signaling
can inhibit radiation-induced NED and increase radiation-induced tumor killing in vivo. Under
the support of this award, we have made the following progress.
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3. Overall Project Summary

Task 1. Aim 1. To determine that CREB targeting can inhibit radiation-induced NED and
increase radiation-induced cell killing in vitro (months 1-18)

la. Establish tetracyclin-inducible stable cell lines using LNCaP, DU-145 and PC-3 cells.
Completed!

Establishment of stable cell lines for CREB targeting is the major reagent we need to
generate for the proposed work. We have made two different types of shRNA expressing
plasmids using the pRNATINH1.2 (Genescript) and pLKO-Tet-On (Addgene). The former relies
on the availability of a stable cell line expressing Tet repressor whereas the later has the
repressor encoding sequence in the same vector. We used pRNATINH1.2 to generate some
shRNA constructs before. However, we recently switched to pLKO-Tet-On because of
convenience to make stable cell lines with one transfection. We selected four validated targeting
sequences from the Sigma Aldrich and used the last three digits corresponding to the Sigma
TRCN sequence number (TRCNO0000007308, TRCNO0000226467, TRCNO0000226468, and
TRCn0000226469). We generated lentiviruses using these shRNA expressing plasmids and
tranduced the viruses into LNCaP cells for selection of cells that have stable integration of the
plasmids. Western blotting analysis confirmed that induction of #468 shRNA by doxycycline
(Dox+) showed 85% down-regulation of CREB when compared with non-induced control (Dox-
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Figure 1. Establishment of prostate cancer stable cell lines expressing CREB shRNAs. A. Screening of
CREB targeting sequences for establishment of CREB knockdown stable and doxycycline-inducible cell lines.
Lentirviruses were generated for each the shRNA plasmids and transduced into LNCaP cells for selection of
stable integration of the plasmids for one week. Cells were induced with doxycycline (Dox+) at 1 ug/ml or
without the induction (Dox-) for three days and harvested for Western blotting analysis of CREB expression.
The numbers below the blot show the relative expression level when compared with Dox- for each stable cell
line. B-D. Knockdown efficiency of CREB in established stable cell lines using LNCaP (B), DU-145 (C), and
PC-3 (D). The #468 lentiviruses were used to establish independent stable cell lines using LNCaP, DU-145 and
PC-3 cells, and efficient knockdown of CREB (KD) was observed when compared with Dox- or the scrambled
control (SC).




), and that #467 and #469 showed approximately 50% down-regulation of CREB (Fig. 1A). We
then used #468 lentiviruses to establish stable cell lines in LNCaP (Fig. 1B), DU-145 (Fig. 1C)
and PC-3 (Fig. 1D). Induction of shRNA expression by doxycycline resulted in efficient
knockdown of CREB in all three stable cell lines.

We previously used pcDNA4-TO
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Tet repressor binding element in the ACREB by doxycycline (Dox). All three clones
promoter region. To circumvent this showed similar level of HA-ACREB induction and the
problem, we switched to the pLVX down-regulation of CREB.

expression system (Clontech) that does not rely on the dissociation of the Tet repressor protein
form the tetracycline-resistant operon, and established three stable cell lines using LNCaP cells.
Doxycycline induction resulted in similar level of ACREB expression (Fig. 2). As CREB
transcription is auto-regulated, it is evident that the expression level of CREB was also down-
regulated, indicating that ACREB does act as a dominant negative mutant. We also tried to
establish stable cell lines expressing ACREB in DU-145 and PC-3 cells. Unfortunately, we were
unable to obtain any stable clones after three tries for the reason unknown. We decided not to
pursue this as LNCaP is the best cell line that can be induced to undergo NED.

1b. Perform radiation-induced cell killing experiments using the established cell lines.
Completed !

Using the established cell lines (#468) in Figure 1, we examined the effect of CREB
knockdown on radiation-induced cell death. However, induction of CREB shRNAs during the
first week did not increase FIR-induced cell death (Fig. 3). Similar results were observed when
cells were irradiated for two weeks (20 Gy of FIR). The inability of CREB knockdown to
increase FIR-induced cell death is not due to the selection of established stable clones as
transient expression of CREB shRNAs also failed to increase FIR-induced cell death after 10 Gy
of FIR, and another CREB knockdown construct targeting a different region of the CREB coding
sequence yielded similar results. This is surprising, given that CREB phosphorylation was
induced even after 10 Gy of FIR [40]. Because there are at least 3 members in the
CREB/CREM/ATEF-1 family that can form dimers with CREB to regulate target gene
transcription [41], we reasoned that these family members might compensate for the reduction of
CREB to regulate expression of target genes essential for cell survival. Alternatively, the residual
amount of CREB might be sufficient to regulate expression of these target genes. Therefore, we
performed similar experiments with ACREB stable cell lines. Because ACREB retains the ability
to dimerize with endogenous CREB and other CREB dimerization partners but cannot bind DNA,
overexpressed ACREB can efficiently inhibit transcription of CREB target genes [42, 43]. We
expected to see a potent effect with ACREB expression.
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Figure 3. Effect of CREB knockdown on radiation-induced cell death. The established CREB
knockdown cell line #468 (shCREB) and the stable cell line expressing scrambled control (SC) were
induced with doxycycline (Dox+) at 1 pg/ml or without induction (Dox-) for two days, and then
subjected 10 Gy of fractionated ionizing radiation (FIR+) or without irradiation (FIR-). Shown are
representative images acquired 24 hours after the last irradiation.

Using the pcDNA4-TO-ACREB plasmid, we established four stable cell lines. Induction by
tetracycline (Tet) resulted in expression of HA-ACREB in all four cell lines with the highest
induction in ACREB#1 (Fig. 4A). Consistent with this, CREB expression was also down-
regulated by 90%. Similarly, CREB expression in ACREB#4 was also down-regulated by by
90%. We then performed MTT assays to determine the effect of ACREB expression on FIR-
induced cell killing using the ACREB#1 cell line. As shown in Figure 4B, ACREB expression
significantly increased FIR-induced cell killing in a dose-dependent manner. Similar results were
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observed with the ACREB#4 line. However, we did not see any significant effect of ACREB
expression in ACREB#2 and ACREB#3 cell lines. Given that the CREB level in these two cell
lines was only down-regulated by 60% and 13%, respectively, it is likely that efficient
knockdown of CREB expression is necessary for FIR-induced cell killing.

To determine the effect of long-term expression of ACREB on FIR-induced cell death,
we performed long-term FIR treatment. While attempting these experiments, using clones
derived from the Invitrogen pcDNAG6/TR/pcDNA4/TO expression system, there was excessive
cell death under both induced and non-induced conditions, which is likely due to the effect of
radiation-induced damage to the DNA encoding the tetracycline-resistance operon [44]. To
overcome this problem, we utilized the Clontech pLVX-Tet-On lentiviral expression system that
does not rely on the dissociation of the Tet repressor protein from the tetracycline-resistance
operon [45]. Stable clones were prepared using three independent transductions and induction of
ACREB sufficiently down-regulated the expression of CREB in each cell line (Fig. 2). To
separate the role of CREB in both phases, we specifically induced ACREB expression during the
NED phase only (weeks 3 and 4, post-20 Gy induction) and during the entire 4 weeks (pre-
induction) to assess the impact of ACREB expression on the total number of viable cells at the
end of 40 Gy FIR (Fig. 5A). Induction of ACREB during the entire FIR treatment period resulted
in a 7.6-fold reduction in cell number, and induction of ACREB during the NED phase also
resulted in a 2.5-fold reduction (Fig. 5B). Because of extensive cell death, we were unable to
assess the impact of ACREB on chromogranin A (CgA) and neuron specific enolase (NSE)
expression. However, some of the remaining survival cells only displayed short neurites. These
results demonstrate that CREB plays a critical role in the acquisition of radioresistance and the
acquisition of NED during the process of FIR-induced NED.

We will continue to evaluate the effect of CREB knockdown on FIR-induced cell death
and NED during the long-term treatment of FIR.
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1c. Perform radiosensitization experiments using the established cell lines (clonogenic assay)
(months 9-15). Partially Completed!



To determine whether targeting CREB can radiosensitize prostate cancer cells, we have
performed clonogenic assays using the established LNCaP stable cell line expressing ACREB
(Fig. 2). We have observed significant radiosensitization in all doses when ACREB was
expressed (Fig. 6A). Because clonogenic assay assesses the reproductive ability of cells after a
single exposure, which is different from FIR in which DNA damages could be repaired during
the interval of irradiation by functional compensation of other CREB family members, we also
performed clonogenic assay with the LNCaP stable cell line expressing CREB shRNA#468 (Fig.
1B). Indeed, knockdown of CREB also sensitized LNCaP cells to radiation in a dose-dependent
manner (Fig. 6B). These results collectively suggest that targeting CREB can sensitize LNCaP
cells to radiation. We will use the established DU-145 and PC-3 stable cell lines (Fig. 1C and Fig.
1D) to perform similar clonogenic assays.
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Figure 6. CREB targeting sensitizes prostate cancer cells to radiation. Indicated stable and doxycycline-
inducible LNCaP cell lines expressing HA-ACREB (A) or CREB shRNA#468 (KD) (B) or scrambled control
(SC) were induced to express HA-ACREB for 48 hours or CREB shRNA#468 for 72 hours and then
subjected to a single exposure of the indicated dose of IR, followed by seeding of various numbers of cells in
6-well plates for colony formation. Colony formation was counted 2 weeks later and survival fraction was
calculated. Shown are mean from three independent experiments. *, P <0.05; **, P <0.01.

1d. Perform radiation-induced NED experiments (Months 15-24) Partially completed!

As discussed in subtask 1b, we have completed the proposed experiments with ACREB
stable cell lines and demonstrated that ACREB expression during the first two weeks
(radioresistance acquisition), the second two weeks (NED acquisition) or during the entire four
weeks inhibited FIR-induced NED and increased radiation-induced cell killing. In fact,
clonogenic assay confirmed that ACREB expression can radiosensitize LNCaP cells (Fig. 6A).
We will evaluate the effect of CREB knockdown during long-term FIR to specifically evaluate
whether it has any effect on FIR-induced cell death and NED.

Task 2. Aim 2. To determine that targeting critical upstream regulators of CREB can
inhibit radiation-induced NED and increase radiation-induced cell killing in vitro
(Months 13-36) Ongoing.
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We will evaluate the role of PKA, CaMKII and PRMTS5 in radiation-induced NED and
determine whether targeting these upstream regulators can inhibit FIR-induced NED and
sensitize prostate cancer cells to radiation. We have constructed a dominant negative CaMKII
mutant, and we will establish stable cell lines for proposed experiments. We have also identified
several shRNAs that can efficiently knockdown PRMT5, and these will be used to establish
stable cell lines as well.

Task 3. Aim 3: To determine that targeting CREB signaling can inhibit radiation-induced
NED and increase radiation-induced tumor Kkilling in vivo (Months 7-30).
Partially completed.

3a. Submit animal protocols for approval from Purdue University and USAMRMC (Months 1-6).
Completed!

We have submitted the animal protocols and received the approvals from Purdue
University and USAMRMC.

3b. Optimize tetracycline concentrations for induction of ACREB and CREB shRNAs in
xenograft tumors (Months 7-12). Ongoing.

Since our animal facility has never done doxycycline induction in mice, we have been
working with Dr. Elzey (Co-Investigator) to optimize the doxycycline induction in mice in
general (animal facility). Once successful, we will test the induction conditions with our stable
cell lines and perform proposed animal experiments in 3c and 3d.

3c. Perform CREB targeting on IR-induced NED in mice (Months 13-18).Not started yet.

3d. Perform CREB targeting on tumor regrowth (Months 19-30). Not started yet.

11



4. Key Research Accomplishments

We have successfully demonstrated that CREB targeting by expressing a dominant
negative mutant ACREB significantly increases FIR-induced cell death and sensitizes
prostate cancer cells to radiation. Importantly, expression of ACREB during the first two
weeks in which irradiated cells develop radioresistance, or during the second two weeks
in which cells differentiate into NE-like cells, equally increases FIR-induced cell death.
These observations suggest that targeting radiotherapy-induced NED is an effective
approach for development of novel radiosensitizers.

12



5. Conclusion

Under the support of this prostate cancer idea development award, we have developed
multiple stable cell lines using LNCaP, DU-145 and PC-3 to inducibly express the dominant
negative CREB, ACREB, or to inducibly express CREB shRNAs. With the use of ACREB
stable cell lines, we have demonstrated that ACREB induction by doxycycline can efficiently
increase FIR-induced cell death during the first two weeks, during the last two weeks, or during
the entire four weeks. These experimental experiments provide evidence that CREB is involved
in the acquisition of radioresistance during the first two-week irradiation and in the acquisition of
NED during the second two-week irradiation. These results also strongly suggest that targeting
the CREB signaling could be explored to develop novel radiosensitizers for prostate cancer
treatment. In fact, clonogenic assays have shown that ACREB expression or CREB knockdown
does sensitize LNCaP cells to radiation. We will continue to extend this finding to DU-145 and
PC-3 cells by utilizing established stable cell lines.

We have completed proposed tasks during the first year except that we failed to establish
stable cell lines expressing ACREB in DU-145 and PC-3. Despite several tries with different
conditions, we failed to isolate any cell line that can inducibily express ACREB. We suspect that
a tiny amount of leaked expression of ACREB may be detrimental to these two cell lines. As
LNCaP is the best cell line that can undergo NED induced by FIR, we believe the lack of these
two cell lines will not affect our conclusion. Further, we have established stable cell lines that
can inducibly knock down CREB in DU-145 and PC-3 cells. These cell lines should help us
extend our findings from LNCaP cells to DU-145 and PC-3 cells.

We do not anticipate any technical challenges to complete proposed experiments at this
moment, and our experiments are going smoothly and as planned. As the animal facility in the
Cancer Center has never tried doxycycline induction in nude mice, we are working with Dr.
Elzey to optimize the induction conditions using their own cell lines. Once completed, we will
move to proposed experiments in Aims 2 and 3 while finishing the remaining experiments in
Aim 1 (1c and 1d).

13



6. Publications, Abstracts, and Presentations

(1) Manuscripts
We are in the process of preparing several manuscripts.

(2) Presentations
a. Development of radiosensitizers: An urgent need for prostate cancer radiotherapy
in the 2013 Hefei Prostate Cancer Translational Medicine and Personalized
Medicine Symposium (Co-organizer, Program Committee Member, Session Chair
and Speaker)
Place: Cancer Hospital, Hefei Institutes of Physical Science Chinese Academy
of Sciences
Date: October 9, 2013
b. Targeting neuroendocrine differentiation as a novel radiosensitization approach
for prostate cancer treatment
Place: UCLA, Departments of Pathology and Laboratory Medicine
Date: February 27, 2014
c. Advances in prostate cancer diagnosis and treatment
Place: Tongling 4™ Hospital, Wannan Medical College
Date: March 25, 2014
d. Mechanism and targeting of radiotherapy-induced neuroendocrine differentiation
for prostate cancer treatment
Place: Mayo Clinic Department of Radiation Oncology
Date: May 18, 2014

7. Inventions, Patents and Licenses
None

8. Reportable Outcomes
None

9. Other Achievements
We have established stable cell lines that inducibly express PRMT5 shRNA from
individual cells under the support of PC111190. These cell lines will be used for
proposed experiments in Aim 2.
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